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Multiple Displacement Ampliﬁcation
Short readsMultiple Displacement Ampliﬁcation (MDA) of DNA using φ29 (phi29) DNA polymerase ampliﬁes DNA sev-
eral billion-fold, which has proved to be potentially very useful for evaluating genome information in a
culture-independent manner. Whole genome sequencing using DNA from a single prokaryotic genome
copy ampliﬁed by MDA has not yet been achieved due to the formation of chimeras and skewed ampliﬁcation
of genomic regions during the MDA step, which then precludes genome assembly. We have hereby addressed
the issue by using 10 ng of genomic Vibrio cholerae DNA extracted within an agarose plug to ensure circularity
as a starting point for MDA and then sequencing the ampliﬁed yield using the SOLiD platform. We success-
fully managed to assemble the entire genome of V. cholerae strain LMA3984-4 (environmental O1 strain iso-
lated in urban Amazonia) using a hybrid de novo assembly strategy. Using our method, only 178 out of
16,713 (1%) of contigs were not able to be inserted into either chromosome scaffold, and out of these 178,
only 3 appeared to be chimeras. The other contigs seem to be the result of template-independent non-
speciﬁc ampliﬁcation during MDA, yielding spurious reads. Extraction of genomic DNA within an agarose
plug in order to ensure circularity of the extracted genome might be key to minimizing ampliﬁcation bias
by MDA for WGS.mo do DNA, Instituto de
m-PA, 66075-900, Brazil. Tel.:
vier OA license.© 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Next-Generation Sequencing (NGS) technologies have been avail-
able since 2005 and have permitted an increase in throughput for
nucleic acid sequencing compared to the Sanger method which has
been used for over 30 years. NGS technologies are becoming ever
more accessible and, thus, increasingly prevalent. The cost of se-
quencing per base pair has decreased at an exponential rate for sever-
al decades, a trend which is predicted to continue (Metzker, 2009).
We are at the point in which the relative ease in obtaining enough
DNA sequences to assemble an entire prokaryote genome has spon-
sored an analytic approach to microbiology.
All of the currently available NGS platforms have a massively-
parallel architecture and generate several millions of short reads per
run in a short space of time (units to tens of hours) from a single ge-
nomic library. All NGS platforms involve the construction of librarieswhich are independent of traditional cloning using a vector and com-
petent cells, and even though the construction of most NGS libraries
involves an ampliﬁcation step, the initial amount of DNA necessary
for library construction is in the order of micrograms (Metzker,
2009).
In the context of prokaryote genomics, the DNA obtained for
whole genome sequencing is obtained from pure cultures which are
then submitted to total DNA extraction. This, however, requires the
prokaryote under study to be culturable. It has long been known
that the vast majority of prokaryote species are not culturable, at
least not by conventional laboratory means (Rappé and Giovannoni,
2003). The obtaining of a whole genome sequence of an unculturable
prokaryote would thus necessarily have to entail the separation of the
genomic DNA of interest from the background nucleic acids by a tech-
nique which does not involve culturing.
Physical isolation of a single bacterial cell, which is orders of mag-
nitude smaller than a eucaryotic cell has been achieved by several dif-
ferent approaches, such as ﬂow cytometry cell sorting (Raghunathan
et al., 2005; Rodrigue et al., 2009), serial dilution to single cell density
(Zhang et al., 2006), use of a microﬂuidic chip (Marcy et al., 2007) and
optical-microscopy aided micromanipulation (Ishøy et al., 2006;
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karyotic cell from a biodiverse sample, DNA ampliﬁcation is a neces-
sary step for building a comprehensive library, as the amount of
genomic DNA present in a single bacterial cell is in the order of fem-
tograms (Lasken, 2007). Whole genome ampliﬁcation of bacterial iso-
lates by PCR has been achieved with whole genome PCR-scanning
(WGPS), a cumbersome technique which requires several hundreds
of PCRs using speciﬁcally-designed primers on nanograms of DNA as
template (Ben Zakour et al., 2008; Ohnishi et al., 2002). Ampliﬁcation
by PCR using thermostable DNA polymerases incurs in the misampli-
ﬁcation of sequences due to the lack of efﬁcient proofreading activity
of most of the enzymes used for PCR. This can lead to the clonal am-
pliﬁcation of “jackpot” mutations which occur in the early cycles of
PCR, leading to near-ubiquity of the mutation in the ampliﬁed prod-
uct (Hutchison et al., 2005).
Whole genome ampliﬁcation has also been achieved by Multiple
Displacement Ampliﬁcation (MDA), which usesΦ29 (phi29) DNA po-
lymerase, isolated from phageΦ29, in an isothermal reaction yielding
several billion-fold ampliﬁcation of the input DNA: (Hosono et al.,
2003; Ishoey et al., 2008; Lasken, 2007; Marcy et al., 2007; Paez et
al., 2004; Raghunathan et al., 2005; Stepanauskas and Sieracki,
2007; Zhang et al., 2006). For MDA it is required, however, that the
DNA template be circular (Nelson et al., 2002), which makes it ideal
for ampliﬁcation of prokaryotic genomic DNA, whose chromosomal
and extra-chromosomal elements are circular.
In spite of its obvious assets for culture-independent genomics, it
has been shown that MDA presents drawbacks for whole genome se-
quencing. The genome might be misrepresented (Ishoey et al., 2008;
Lasken, 2007; Marcy et al., 2007; Paez et al., 2004; Yilmaz et al., 2010;
Zhang et al., 2006) or fallaciously represented due to the formation of
chimeras during MDA (Lasken and Stockwell, 2007). When dealing
with the whole genome sequencing of an organism, this might lead
to absence of coverage of speciﬁc parts of the genome, or difﬁculty
in genome assembly when sequencing is carried out by a technique
which generates short reads.
We have hereby addressed this issue by constructing a library for
the SOLiD NGS platform (Life Technologies) using only 10 ng of total
DNA obtained from a pure culture of Vibrio cholerae strain LMA3984-4
and then sequencing the library and assembling the genome. The ini-
tial 10 ng of V. cholerae genomic DNA was ampliﬁed to the amount
needed for library construction using Φ29 DNA polymerase by rolling
circle ampliﬁcation.
V. cholerae is a Gram-negative curved bacillus which is found in
water or food sources that have been contaminated by feces from a
person infected with this species but also in brackish rivers and coast-
al waters as an environmental species. Routine typing of V. cholerae
strains is still based on polymorphism of the O antigen which is part
of LPS of the Gram-negative cell wall. Over 200 different serotypes
have been identiﬁed, however, only a few strains of the O1 and
O139 serotypes are overwhelmingly related to cholera, a severe diar-
rheal disease that frequently occurs in an epidemic/pandemic form
and that can lead to death in a matter of hours when not properly
treated. Furthermore, serotype O1 can be phenotypically divided
into two major biotypes: classical O1 and El Tor. The classical biotype
was associated with the sixth cholera pandemic, whereas the El Tor
biotype to the current ongoing seventh pandemic (Nelson et al.,
2009). V. cholerae strain LMA3984-4 belongs to serotype O1, and is
an environmental strain, isolated from the Tucunduba Igarapé
(small ﬁrst order Amazonian tributary), within the metropolitan re-
gion of Belém, State of Pará, Brazil. We chose to sequence the entire
genome of V. cholerae strain LMA3984-4 because of its distinctive ep-
idemiological characteristics, which is that in spite of having been iso-
lated from an environmental sample in an urban area within
Amazonia (which is at very high risk for an outbreak of cholera)
strain LMA3984-4 is highly similar to the classical O1 biotype as pre-
viously determined by PFGE (data submitted to Water Research).2. Materials and methods
2.1. Bacterial strain
V. cholerae LMA3984-4 was isolated in 2007 from the Tucunduba
Igarapé (small ﬁrst order Amazonian tributary) during an environ-
mental survey of V. cholerae within the Metropolitan region of
Belém, State of Pará, Brazil, as part of a public health program by
the Laboratory of Environmental Microbiology, Environmental Divi-
sion, Evandro Chagas Institute, Department of Health Surveillance/
National Ministry of Health.
2.2. DNA extraction
In order to ensure a large amount of integral circular chromosomal
DNA, DNA extraction was carried out within an agarose plug. DNA ex-
traction was carried out as follows: V. cholerae LMA3984-4 was seed-
ed onto TSA and incubated at 35 °C overnight. A single isolated colony
was then inoculated in 5 mL of fresh sterile BHI and incubated at
37 °C, in a shaking water bath until the culture achieved a visual op-
tical density equal to a number 1 MacFarland standard (approximate-
ly 3×108 CFU/mL). From this point on, in order to minimize any
contamination with ambient DNA, all procedures were carried out
under a laminar ﬂux cabinet. A volume of 1.5 mL of this BHI culture
was then transferred to a sterile microtube and centrifuged at
8000×g during 2 min in order to obtain a bacterial pellet. The pellet
was then re-suspended in 300 μL of sterile saline and then mixed
with an equal volume (300 μL) of 1% low melting temperature aga-
rose (Invitrogen) which was previously suspended in sterile saline,
molten, and maintained at 50 °C to prevent gelling. The agarose/bac-
terial suspension mixture was then aspired into a sterile 1 mL insulin-
type syringe (without a hypodermic needle) and was then left to so-
lidify for 10 min at 4 °C. By gently squeezing the plunger, an agarose
plug with the embedded bacterial cells were extruded and cut into
a ~5 mm×1 mm Ø plug. For redundancy, several plugs were made.
The plugs were then dropped into a microtube and 2 mL of a lysis so-
lution containing 0.6 mM Tris HCl (pH 7.6), 1 M NaCl, 0.1 M EDTA (pH
8), Brij-58 (0.5%), sodium deoxycholate (0.02%), sarcosine (0.5%) and
lysozyme (10 mg/mL) were added. The immersed plug was then in-
cubated at 37 °C for 15 h. After this incubation step, the lysis solution
was discarded by gently retrieving the supernatant with a micropi-
pette, leaving the plug behind in the tube. A volume of 3.5 mL of
ESP solution (0.5 M EDTA; 1% sarcosine; and 0.1 mg/mL proteinase
K) was added and the tube was then incubated at 50 °C for 24 h.
The plug was then transferred under strict sterile conditions to a
50 mL tube and then washed once overnight by incubating in TE buff-
er at room temperature under slow agitation in a rotating agitator.
The plug was washed again three times by incubating at room tem-
perature in fresh TE buffer for 3 h each time.
2.3. Recovery of DNA extracted within an agarose plug
With the aid of a sterile plastic microbiology loop, a single agarose
plug was transferred to a DNAse free microtube for DNA puriﬁcation
using the GELase™ Agarose Gel-Digesting Preparation Kit (Epicen-
tre®, Madison, Wisconsin, USA), following the manufacturer's in-
structions. Brieﬂy, ﬁrst the agarose plug was weighed by subtracting
the mass of the previously weighed empty microtube. The microtube
containing the agarose plug was placed in a thermal block and incu-
bated at 70 °C for 15 min in order to melt the agarose containing
the DNA. A volume of 1 μL of the GELase 50× buffer, previously heated
to 45 °C, was added to the molten agarose for each 50 μg of agarose
plug. A total of 1 U of the gelase enzyme (1 U/μL) was added for
each 100 μg of gel and was then incubated during 1 h at 45 °C in a
thermal block. The suspension was then heated to 70 °C for 10 min
to stop the digestion reaction and immediately chilled in an ice
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during 10 min to precipitate any solid undigested agarose. The DNA
containing supernatant was very slowly and carefully transferred to
a new microtube using a wide-bore pipet tip. DNA was precipitated
by the addition of 1/10th of the volume of 3 M sodium acetate and
2.5 volumes of 100% ethanol and incubated at room temperature dur-
ing 10 min. DNA was recovered after 20 min of centrifugation at
12,000×g at 4 °C. The pellet was washed twice with cold 70% ethanol,
and then allowed to dry at room temperature under a laminar ﬂux
cabinet and dissolved in TE buffer. DNA quantiﬁcation was deter-
mined by spectrophotometry (NanoDrop, Thermo Scientiﬁc). The
ﬁnal concentration of DNA obtained was 450 ng/μL. The DNA solution
was diluted by adding sterile DNAse-free water to a concentration of
10 ng/μL.
2.4. Whole genome ampliﬁcation
The DNA extracted was used for whole genome ampliﬁcation
using the TempliPhi™ Large Construct Kit (Amersham Biosciences,
Buckinghamshire, UK) according to the manufacturer's instructions.
Brieﬂy, 10 ng of puriﬁed V. cholerae DNA was carefully added to 9 μL
of the kit's sample Buffer solution and incubated at 45 °C during
3 min in order to allow for DNA denaturation. The mixture then was
chilled on ice. In parallel, 0.5 μL of the Φ29 DNA polymerase was
added to 9 μL of the reaction buffer and maintained on ice. Then,
the solution containing the reaction buffer plus enzyme was added
to the DNA template in sample buffer. The reaction was incubated
at 30 °C for 18 h in order to allow for DNA ampliﬁcation. At the end
of this period, the reaction was heated to 65 °C for a few seconds to
stop enzyme activity and then cooled to 4 °C and stored at −20 °C.
2.5. Library construction and whole genome sequencing
A mate-paired library was constructed using DNA from the Φ29
DNA polymerase ampliﬁcation step. The V. cholerae strain LMA3984-
4 genome was sequenced using the SOLiD NGS platform (Life Tech-
nologies), according to the manufacturers' protocols. Brieﬂy, DNA
fragments were generated by random fragmentation using a Hydro-
shear (Genomic Solutions) to obtain fragments with a mean size of
1500 bp. Two differently tagged adapters (one of which is biotiny-
lated) were ligated to each fragment end. The fragments plus
adapters were circularized and endonuclease EcoP15I was used to
cut the bacterial DNA 25–27 bp downstream of the end of each ex-
tremity of the internal adapters (now merged into one), so that a lin-
ear fragment containing the internal adapter plus 25–27 bp of either
bacterial DNA fragment on each end was obtained. Overhangs gener-
ated by the endonuclease were blunted using the Klenow fragment. A
second set of adapters were then ligated to the bacterial DNA frag-
ments bridged by the internal adapter. Thesemolecules were then co-
valently ligated to paramagnetic beads (Dynabeads M-280)
containing streptavidin and submitted to a trial PCR to determine
the optimum conditions for clonal ampliﬁcation in emulsion PCR, in
which nanoreactors are constituted by the aqueous (discontinuous)
phase of a water-in-oil emulsion. Clonal beads were recovered with
the aid of polystyrene particles which ligate to an external adapter
of each clone. These were then spread onto a glass slide for quality
control. For sequencing, 22 million beads were deposited onto a
fourth part of a glass slide and submitted to sequencing by oligonu-
cleotide ligation and detection (SOLiD).
2.6. Genome assembly
The genome of V. cholerae strain LMA3984-4 was assembled using
a multi-pronged strategy (Cerdeira et al., 2011). The totality of reads
generated by the SOLiD platform was ﬁltered to exclude low quality
bases. After ﬁltration, 45,055,701 high quality mate-paired readswere used as input for two de novo assemblies carried out using the
softwares Velvet and Edena independently and in parallel, which
generated, respectively, 9294 and 7419 de novo contigs.
The parameters used for assembly with Velvet were exp_co-
v=auto; cov_cutoff=10; kmer (hash length)=17; inser-
t_length=1200. The parameters used for assembly with Edena
were “strict” mode with the following parameters: minimum size of
overlaps=21 and minimum overlap cutoff=19. Contigs generated
by Velvet presented an N50 of 0.815 kbp with a mean size of
354 bp, the largest of which was 7592 bp long. Contigs generated by
Edena presented an N50 of 0.525 kbp with a mean size of 249 bp,
the largest of which was 4154 bp long. A preliminary genome scaffold
was constructed by determining the position and order of the 16,713
de novo contigs available by aligning contigs presenting 90% identity
to the publically-available sequences of chromosomes I and II of V.
cholerae O1 biovar ElTor strain N169615 (NCBI accession numbers
NC_002505 and NC_002506, for chromosomes I and II, respectively)
using software CLCBio Workbench 4.0.2. In this step, 1278 de novo
contigs out of the 16,713 were allocated in the scaffolds, and contigs
concatenated in this manner presented an N50 of 13,727 bp, a mean
size of 1141 bp, and the largest concatenated contig was 45,785 bp
long. The 1278 de novo contigs which did not align with 90% identity
to the reference genome were then ordered and positioned by align-
ing any 20 exact and contiguous bases within the contig to the se-
quences of the preliminary genome scaffold using software
MuMmer (Kurtz et al., 2004) and the r2cat (Husemann and Stoye,
2010). In this step, another 867 contigs were aligned with respect
to the preliminary genome scaffold. At this point, 1983 gaps within
supercontigs remained in the chromosome I scaffold and 749 gaps
in chromosome II scaffold. Gaps between the supercontigs were man-
ually closed or reduced by aligning the mate-paired short reads by
craning iteratively until gaps were no longer shortened by this proce-
dure. Still remaining gaps, which were N50 bp long, were then closed
using the remaining 411 de novo contigs that were not able to be or-
dered by 20-bp alignment step to the respective genome scaffold, also
using MUMmer and r2cat, which now aligned to the newly extended
regions using mate-paired short reads. In this step, 233 of these 411
de novo contigs were allocated into the scaffold. The remaining 178
de novo contigs which did not match to either scaffold were then
BLASTed using nBLAST (www.ncbi.nlm.nih.gov/blast) against the nr
database available in GenBank in order to evaluate their origin.
2.7. Genome annotation
Genome annotation was carried out by merging results obtained
from applying the RAST (Rapid Annotation using 447 Subsystem
Technology) pipeline (Aziz et al., 2008), Glimmer 3.02 (Delcher et
al., 2007) for predicting coding sequences, tRNAscan-SE 1.21
(Lowe and Eddy, 1997) for predicting tRNA genes, and RNAmmer
1.2 (Lagesen et al., 2007) for predicting rRNA genes.
3. Results and discussion
3.1. Whole genome ampliﬁcation
Quantiﬁcation of the product ampliﬁed byMDA showed that using
10 ng of V. cholerae DNA as the initial DNA template we are able to ob-
tain 1.065 ng/μL, yielding a total of 22 μg for the reaction, which is
within the yield range reported by the manufacturer. That MDA can
amplify the amount of input DNA by roughly three orders of magni-
tude in a single reaction has been long established (Hosono et al.,
2003; Hutchison et al., 2005; Nelson et al., 2002; Raghunathan et al.,
2005). However, we were more interested in the quality of the
whole genome ampliﬁcation by MDA rather than the quantity of
DNA generated. Sequencing an entire genome requires, obviously,
that the entirety of the genome be represented in sufﬁcient copies
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to sensitively return an accurate nucleotide sequence. Because MDA
uses circular DNA as a template (Nelson et al., 2002), and bacterial
chromosomal DNA is circular, we chose to extract genomic DNAwith-
in an agarose plug to ensure physical integrity and circularity of the
chromosomal DNA and thus minimize ampliﬁcation bias by MDA.
As far as we know this study is the ﬁrst attempt to sequence an entire
bacterial genome using as a starting point genomic DNA extracted in
an agarose plug.Table 1
Coding characteristics of V. cholerae LMA3984-4 chromosome I (CP002555) and chro-
mosome II (CP002556) sequences.
Vibrio cholerae LMA3984-4
Data Chromosome I Chromosome II
Genome size (bp) 2,791,729 946,986
Number of genes 2,328 825
Number of pseudogenes 137 35
Number of tRNA 89 3
Number of rRNA 25 0
GC content (genome) (%) 48.8 48.6
Coding percentage (%) 79.0 79.4
Average gene length 948 912
Coding intensity 0.83 0.873.2. Whole genome sequence assembly
Whole genome sequencing starting with a single copy of genomic
DNA isolated from a single prokaryotic cell has been tried several
times with increasingly encouraging results, however, without
achieving a complete genome sequence (Ishoey et al., 2008; Marcy
et al., 2007; Stepanauskas and Sieracki, 2007). Recently, the entire ge-
nome of Candidatus Sulcia muelleri DMIN was successfully sequenced
starting from a single cell using MDA ampliﬁcation (Woyke et al.,
2010), however, in spite of Sulcia being a prokaryote, it is not haploid,
and contains anywhere from 200 to 900 copies of its chromosome in a
single cell. Also, pyrosequencing using the 454 platform together with
traditional Sanger sequencing were used to sequence the Sulcia ge-
nome, both technologies which yield reads in the order of hundreds
of base pairs. One of the strengths of SOLiD sequencing is that, unlike
pyrosequencing, each base is interrogated twice, thus increasing the
Phred quality of each base sequenced, however, at the cost of yielding
only a short (25–35 bp-long) read. De novo genome assembly using
short reads has been a challenge, with only a few genomes having
been assembled ab initio to date (DiGuistini et al., 2009; Farrer et
al., 2009; Li et al., 2010; Nagarajan et al., 2010).
The possibility of assembling a genome sequence from a unique
single genome copy using a high quality, albeit short-read generating
NGS platform, would be extremely useful for tapping into and under-
standing the microbiodiversity and ecology of various niches. Also,
when starting with metagenomic DNA from rich (biodiverse) sam-
ples, genomic information from low-abundance cell types is hard to
access (Binga et al., 2008). The genome might be misrepresented
(Ishoey et al., 2008; Lasken, 2007; Marcy et al., 2007; Paez et al.,
2004; Yilmaz et al., 2010; Zhang et al., 2006) or fallaciously repre-
sented due to the formation of chimeras during MDA (Lasken and
Stockwell, 2007). When dealing with the whole genome sequencing
of an organism, this might lead to absence of coverage of speciﬁc
parts of the genome, or difﬁculty in genome assembly when sequenc-
ing is carried out by a technique which generates short reads.
Using the hybrid assembly strategy described by Cerdeira et al.
(2011), we were able to successfully close the genome sequence of
V. cholerae strain LMA3984-4, which is now deposited in GenBank
under accession numbers CP002555 and CP002556 for chromosomes
I and II, respectively. We chose to use a de novo based assembly strat-
egy rather than a direct reference assembly because there is much in-
terest in prokaryotic single-cell genomic sequencing of unculturable
bacteria, thus precluding the availability of a reference genome, and
so we wanted to evaluate whether the MDA step would introduce
too much bias in the relative prevalences of genome segments as to
impede or make difﬁcult a de novo based assembly.
Even though the genome sequence of V. cholerae strain N169615gl
was used as basis for ordering the de novo contigs, our experience is
that signiﬁcant differences in ﬁnal genome sequence arise when
using our hybrid strategy rather than a direct reference assembly,
thus rendering our strategy to be of higher ﬁdelity (Cerdeira et al.,
2011). The increase in read-size generated by recently launched
NGS platforms will surely mitigate the need for this ordering step
(Chaisson et al., 2009), and thus, the need for a trustworthy whole ge-
nome sequence of a phylogenetically close strain.Bias generated from MDA reactions also complicates genome as-
sembly, nevertheless, we hereby show that it is possible to sequence
an entire genome using only short, high quality reads generated using
MDA ampliﬁed DNA. Even though our genome assembly strategy was
not entirely de novo, our results indicate that MDA ampliﬁcation does
not introduce too much bias as to preclude closing of a genome se-
quenced by oligonucleotide ligation and detection (SOLiD).
3.3. Assessment of unmatched sequences
The 178 contigs which were not able to be inserted into either V.
cholerae strain LMA3984-4 chromosome could be the result of DNA
from several sources. Contamination of the MDA reaction with for-
eign DNA, either from the environment during pipetting, or from
the reagents themselves, would also be ampliﬁed several-fold yield-
ing sequence reads in the SOLiD platform, due to the non-speciﬁc na-
ture intrinsic to SOLiD chemistry. A second reason for which these
contigs could not be included in the genome scaffold is that they are
the result of chimeric ampliﬁcation during the MDA step. Indeed, it
has been shown that MDA might yield chimeras due to the physical
proximity of different genomic regions within the MDA reaction mi-
lieu (Lasken and Stockwell, 2007). In order to determine the origin
of the 178 contigs which were left out of the genome sequence, we
Blast the sequences of these contigs using BlastN. Out of the 178 con-
tigs, 145 (81.5%) showed no signiﬁcant match to any sequence in
GenBank. These contigs may be the result of template-independent
non-speciﬁc ampliﬁcation, which has been shown to occur when no
DNA template is added to an MDA reaction using Φ29 DNA polymer-
ase, it is thought as a result of the interaction between the degener-
ated primers present in the reaction milieu (Zhang et al., 2006). A
total of 30 contigs presented signiﬁcant identity to Vibrio sp. se-
quences in up to 40% of their lengths, with the remainder of the con-
tig not presenting any signiﬁcant match to any sequence in GenBank.
Formation of chimeric sequences (Lasken and Stockwell, 2007)
seems to be the case of 3 of the 178 contigs (1.69%), which presented
two distinct regions of identity to Vibrio sp. sequences separated by
thousands of base pairs. Typically, these contigs presented polarized
regions of identity (with lengths usually 10–17% of their total size)
to two separate regions within a single Vibrio sp. genome 7 to
900 kbp apart, each alignment with signiﬁcant e-values in the order
of b10−4.
3.4. Genome annotation
The characteristics of the V. cholerae strain LMA3984-4 genome
can be seen in Table 1. Chromosome size, gene content and structure
are in agreement with other publically-available V. choleare complete
genome sequences (strain MJ-1236 — accession numbers CP001485
[chromosome I]; CP001486 [chromosome II]; strain O395
[CP000626; CP000627], strain M66-2 [CP001233; CP001234] and
strain N16961 [AE003852; AE003853]), thus suggesting, again, that
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tion of the genome.
4. Conclusion
We have hereby shown that MDA using Φ29 DNA polymerase
seems not to incur in signiﬁcant DNA misampliﬁcation as to impede
the de novo assembly of a prokaryote genome using short reads gen-
erated by sequencing by oligonucleotide ligation and detection. Ex-
traction of genomic DNA within an agarose plug in order to ensure
circularity of the extracted genome might be key to minimizing am-
pliﬁcation bias by MDA.
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